Aluminum alloys are often contaminated with non-metallic inclusion particles that react easily with oxygen or moisture, oxidizing to form oxide films. These inclusions and oxides can lead to the formation of porosity as well as significantly reduce the corrosion resistance and mechanical properties of aluminum alloy castings. Fluxing treatment is one of the conventional methods for removing inclusions and oxides from the melt to enhance the quality of aluminum alloy castings.
Introduction
A356.2 alloy is one of a group of hypo eutectic Al-Si alloys widely used in the automotive and aircraft industries. Its main characteristics are excellent castability, good weldability and good resistance to corrosion. It is heat treated to obtain the optimal ratio for physical and mechanical properties. 1) Aluminum melts are often contaminated with non-metallic inclusions that react easily with oxygen or moisture to form oxides. These inclusions and oxides can lead to the formation of porosity, and significantly reduce the corrosion resistance and mechanical properties of aluminum alloy castings.
2) Fluxing treatment is one of the conventional methods for removing inclusions and oxides from the melt. A covering flux is applied to the surface of molten aluminum where it melts to form a continuous layer which protects the melt from oxidation and absorption of atmospheric hydrogen. Solid fluxes are mainly blends of chloride and fluoride salts with additives to instill special properties. Most fluxes are based on a mixture of potassium chloride (KCl) and sodium chloride (NaCl) which forms at a low eutectic temperature of 665 C. 3) A low melting point is beneficial for improving the fluidity of the fluxes. Other fluxes are alkali fluoride (KF) and sodium fluoride (NaF) which contain fluoride salts. Aluminum easily picks up some sodium or potassium, which are both surface-active elements. Fluoride salts have a slight solubility with oxides, which facilitates its penetration into oxide films that contain metallic aluminum in the dross and build-up. This leads to improved wettability encouraging separation of oxides from the melts and metallic aluminum from the dross. 4) Oxide films and inclusions provide nucleation sites for pores during the solidification process of the aluminum alloy. Pores that form in the matrix of aluminum alloy castings lead to significant deterioration in casting quality. 5) The relative porosity ðd c À d r Þ=d c , where d c is the density of the chilled sample and d r is the density of the reduced-pressure sample, is used here to evaluate the quality of poured samples. 6) Ultrasonic techniques are nondestructive testing methods commonly used not only to detect discontinuities such as voids, cracks and inclusions, but also to evaluate the characteristics of a material, such as its porosity, microstructure, grain size and residual stress. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The ultrasonic velocity and attenuation coefficient of the ultrasound are commonly needed for such purposes. Chen 5) and Prabhakar et al. 12, 13) have been reported that the amount of porosity influences the ultrasonic velocity and the attenuation of ultrasound. They demonstrated that the porosity decreases with increasing ultrasonic velocity and decreasing attenuation coefficients in aluminum alloys. The velocity of an ultrasonic wave as it propagates through a solid material is affected by the elastic modulus (E), the density (), and the Poisson's ratio (). The relationships among these properties and the longitudinal velocity of the ultrasound (V L ) can be expressed as follows:
The attenuation coefficient () can be described by 17) ð f Þ ¼ 20 log
where ð f Þ is the attenuation coefficient of the ultrasound, which varies with frequency (dB/mm); A 1 and A 2 are the peak amplitudes of the first and second back-reflected pulses (dB); and X is the thickness of the sample (mm). The term R, the reflection coefficient of the coupling plane, is equal to ½ð1 À Þ=ð1 þ Þ 2 , and is the acoustic impedance of the coupling plane; ¼ Z 1 =Z 2 , and Z 1 , Z 2 are the acoustic impedance of the first and second medium, respectively. The attenuation coefficient of the ultrasound is affected by the absorption and the scattering. The absorption is influenced by dislocation damping, magnetic resistance, and the thermal elasticity of the materials. The scattering is influenced by the grain boundaries, voids, inclusions, second phase particles, cracks, etc.
12) The attenuation coefficient of ultrasonic scattering from a collection of spherical pores takes the form:
where S is the attenuation coefficient of the ultrasound (dB/ mm), nðaÞda is the number density of pores with radii between a and a þ da (counts/mm 3 ), À is the normalized total scattering cross section area (mm 2 ), and k ¼ 2= is the wavenumber, is the wavelength of ultrasound (mm). According to the description of Ogilvy, 19) the attenuation coefficient of ultrasonic scattering from a cluster of inclusion particles can be described as follow:
where X is the distance of ultrasound travels through a cluster of inclusion particles (mm); and E S is fraction of the total energy of ultrasound scattering from a cluster of inclusion particles (%). Four covering fluxes are used in fluxing treatment of the aluminum melts to investigate the quality of the A356.2 alloy. Quality is related to defects such as inclusions, oxide films and pores. Porosity of an aluminum alloy castings have a strong deterioration on the mechanical properties and hence on its performance. It is the most important feature that determines the casting quality. For this, a suitable nondestructive evaluation method which is simple, fast and reliable, is desirable. Ultrasonic techniques offer useful and attractive methods to achieve this objective. In presented paper, nondestructive ultrasonic techniques are applied to evaluate the porosity of the alloys. In particular we focus on the relationship between the ultrasonic characteristics and relative porosity in the A356.2 alloy. The purpose of an ultrasonic technique for quantitative evaluation of the relative porosity is used to determine the quality of A356.2 alloy and to aid in development and improvement of aluminum casting processes. In addition, the pore formation, inclusions presence and oxide film distribution in the A356.2 alloy by fluxing treatment is also discussed.
Experimental Procedures
An induction furnace equipped with a SiCgraphite-clay crucible was used to melt 20 kg batches of an A356.2 alloy. It was operated at a frequency of 3000 Hz with power of about 150 kW. The four covering fluxes used in the experiments included sodium chloride (NaCl), potassium chloride (KCl), 56 mass% NaCl-44 mass% KCl mixture and potassium fluoride (KF). They were first completely dried at 673 K for 3600 s. A 20 kg batch of melt required 100 grams of covering flux. The melts (with and without a covering flux) were held at 973 K and degassed by nitrogen with a flow rate of 1 L/min via a porous bar diffuser for a periodic time of 600 s. The molten metal was poured into a spoon made of ceramic fiber, and then poured to make chilled and reduced-pressure samples. A residual pressure of 76 mmHg was employed for marking the reduced-pressure samples. The constituents of the alloy sample were analyzed by a spectrometer showing a chemical composition of 6.57 mass% Si, 0.34 mass% Mg, 0.062 mass% Fe, 0.124 mass% Ti and 0.0011 mass% Sr. The chilled samples were then polished again. The pore count was measured using an optical microscope equipped with an image analyzer. Each sample was measured ten times to obtain the average total pore count. Ultrasonic-vibration treatment was used to diagnose the oxide films entrapped in the sample. 6, 20) A polished specimen was set on the bottom of the vessel. The vessel was filled with distilled water to a volume of 500 to 600 ml. A short 10 s ultrasonic-vibration treatment was applied at 46 kHz. White foggy marks comprised of differently shaped lumps, flakes, scripts or spots gradually appeared on the shiny surface of the specimen as the treatment time increased. The foggy marks were used to identify the area of oxide film erosion on the samples.
The density of the samples was measured by Archimedes' method. Differences in the densities between the chilled and reduced-pressure sample helped to determine the relative porosity of a specimen. The top and bottom surfaces of the chilled sample were machined to produce two parallel planes. An ultrasonic A-scan instrument was used for ultrasonic evaluation of the longitudinal ultrasonic velocity and the attenuation coefficient of the chilled samples. The ultrasonic velocity (v) was calculated by observing the time (t) difference between two back-reflected pulses and the specimen thickness (d), v ¼ 2d=t. The attenuation coefficient was determined by examining the peak amplitudes of the first and the second back-reflected pulse, amplitudes A 1 and A 2 in eq. (2). An ultrasonic straight-beam probe, 10 mm in diameter, was used at frequencies of 5 MHz for the testing. Commercial motor oil was adopted as the coupling agent for the ultrasonic contact-type testing in these experiments. Five ultrasonic readings were taken for each specimen. One measurement position was located at the center of specimen. Four measurement positions were divided equally from the circumference of a specimen. The average value of ultrasonic readings was used in the obtained data.
Results and Discussion

Microstructure of the A356.2 alloy
The microstructure of a chilled sample of A356.2 alloy is shown in Fig. 1 . A356.2 metal is a hypoeutectic alloy. Aluminum precipitates in the melts appear in the primary phase in the form of dendrites. The results of optical microscopy reveal the presence of -Al dendrites and the eutectic silicon phase. Eutectic silicon in the alloy shows a finely dispersed fibrous morphology when the melt is treated with a modifier such as strontium or sodium. Porosity in an aluminum alloy is caused by the precipitation of hydrogen from the melt, shrinkage during solidification, or more often a combination of these effects. Gas porosity is generally rounded, isolated, and well distributed. Shrinkage porosity is interconnected or clustered, and of an irregular shape corresponding to the shape of the interdendritic region. Figure 1(a) shows shrinkage pores, gas pores and oxide layer in a chilled A356.2 alloy sample. Inclusion particles and oxide films provide nucleation sites for the pores. Pores in the sample are thus normally accompanied by oxide films and inclusion particles, as seen in Figs. 1(a) and 1(b) . EDS analysis of inclusion particles in Fig. 1(b) shows them to be an oxide-type compound, as shown in Fig. 2. 3.2 Oxide films and inclusions in A356.2 alloy after fluxing treatment Oxide films and nonmetallic inclusions are common during the melting of aluminum to form in the alloy castings. Figure 3(a) shows the distribution of oxide films on a chilled sample of A356.2 alloy produced without fluxing treatment. Four covering fluxes, including sodium chloride (NaCl), potassium chloride (KCl), a NaCl-KCl mixture and potassium fluoride (KF) were used in the treatment of A356.2 alloy melts (see Figs. 3(b)-3(e) ). The NaCl-KCl flux provided a physical barrier to oxidation of the aluminum melt that effectively reduced the amount of oxide film that could form (see Fig. 3(b) ). The other three fluxing treatments provided no such reduction, so more oxide film was revealed on the chilled A356.2 aluminum alloy samples. In short the most effective way to reduce the amount of oxide film was to treat the alloy with a flux of NaCl-KCl, although there was still a substantial increase in the amount of inclusion particles in the A356.2 alloy, (see Fig. 4 and Table 1 ). The amount of oxide film increased when the alloy was treated with two kinds of flux, sodium chloride (NaCl) and potassium chloride (KCl). They are thus generally considered to be ineffective in separating the aluminum from the oxide film without the aid of fluoride salts.
21) The morphology of the oxide films displayed after both these flux treatments mostly appeared as long strips (see Figs. 3(c) and 3(d) ). In addition, these oxide films fragmented when the alloy was treated with potassium fluoride (KF) flux, leading to the largest increase in the amount of oxide film, (see Fig. 3(e) ). Fluoride fluxes are slightly soluble in aluminum oxide which facilitates penetration into oxide films. This leads to improved wettability which favors separation of oxide films from the aluminum. 4) Inclusion particles lead to impairment of the mechanical properties of aluminum castings. Therefore, it is important to remove inclusion particles during the aluminum alloy casting process. The amounts of inclusion particles produced by chloride flux treatment, for example sodium chloride (NaCl) and potassium chloride (KCl), are shown in Fig. 4 Shrinkage pore 100 µm
Gas pores
Oxide layer Fig. 1 Microstructure of the A356.2 alloy: (a) shrinkage pores and gas pores; (b) inclusion particles with pores. Fig. 1(b) .
Fig. 2 EDS analysis of the inclusion particles in
Ultrasonic Evaluation of the Quality of A356.2 Alloy by Fluxing Treatmentparticles was reduced when the alloy was treated with chloride flux. Of the four kinds of flux, potassium fluoride (KF) flux generated the least amount of inclusion particles in the treated alloy (see Fig. 4 and Table 1 ). Fluoride flux treatment was an effective method for removing inclusion particles from the alloy. Our results correspond to the results of Utigard.
3)
3.3 Relative porosity of A356.2 alloy by fluxing treatment The experimental data for the treatment of an A356.2 alloy with/without fluxes are shown in Table 1 . The mean and variance of the relative porosity of the alloy treated with/ without fluxes are in the following order from smallest to largest: NaCl-KCl, without flux, NaCl, KCl and KF. Figure 5 shows the distribution of pores in sectioned reduced-pressure samples of A356.2 aluminum alloy produced by various fluxing treatments. Figure 5(a) shows the distribution of pores in the A356.2 alloy without flux. Of the four kinds of flux, only NaCl-KCl can reduce porosity in the A356.2 alloy (see Fig. 5(b) ). There are few pores in the sectioned reducedpressure sample of A356.2 alloy treated with the NaCl-KCl flux. There are numerous pores dispersed throughout the sectioned reduced-pressure samples of alloys treated with the potassium fluoride (KF), sodium chloride (NaCl) and potassium chloride (KCl) fluxes (see Figs. 5(c)-5(e) ). The alloy treated with potassium fluoride (KF) shows the maximum porosity among the fluxing treatments studied. 3.4 The characteristics of ultrasound traveling through the sample Acoustic impedance shows the resistance of a material to the passage of sound waves. The acoustic impedance (Z) of a material is defined as the product of its density () and the ultrasonic velocity (V), Z ¼ Â V. Ultrasonic waves are reflected at boundaries where there are differences in the acoustic impedance of the materials on either side of the boundary. The greater the impedance mismatch, the greater the percentage of energy that will be reflected at the interface or boundary between one medium and another. The percentage of reflection energy (E R ) and transmission energy (E T ) of the ultrasound at the interface of two mediums can be calculated with eqs. (5), (6) 17)
The original ultrasonic energy (E), 17)
The reflection energy and transmission energy of the ultrasound at the aluminum/silicon and aluminum/alumina interfaces are about 0.5%, 99.5% and 16.8%, 83.2%, respectively. The energy loss of the ultrasound as it passes through the aluminum/silicon interface is only a small percentage (0.5%) of the original energy; therefore ultrasonic attenuation can be ignored. The interface between the pores and the aluminum matrix can be taken as the boundary between the solid and air. The acoustic impedance of air is about 3:3 Â 10 2 kg/m 2 Ás. When an ultrasonic wave passes through a single pore, it tends to be fully reflected at the boundary between the aluminum and the pore. The reflection energy of the ultrasound is estimated to be as high as 99.9%, therefore the effect of pore on ultrasonic attenuation is a dominant factor. The attenuation coefficient of ultrasound scattering from a cluster of pores can be estimated from eq. (3), and which also be quantitatively shown in presented ultrasonic method. The ultrasonic reflection energy increases with the differences in the acoustic impedance of two mediums. Therefore, the reflection energy and transmission energy of an ultrasound is dependent on the types of inclusion particles. Ultrasonic scattering are induced by interactions between ultrasonic waves and inclusion particles. Ultrasonic scattering energy (E S ) becomes dominant when the particle size is of the same order or smaller than the wavelength of ultrasound; particle radius r ultrasonic wavelength . 19) For a single inclusion particle, ultrasonic scattering energy depends on the materials properties of the particle relative to the substrate of material, especially for the difference of acoustic impedance between the aluminum matrix and the particle. The energy of ultrasound scattering from many inclusion particles is treated as a summation of scattering from individual inclusions. The attenuation coefficient of ultrasound scattering from a cluster of inclusion particles can be estimated from eq. (4). As a result of ultrasonic scattering effect, the reflection energy of ultrasound decreases with increasing the amount of inclusion particles; and the transmission energy of ultrasound is lost to the directly transmitted wave. Oxide films and inclusion particles themselves act as scatterers of ultrasound, possibly leading to reduced inspection sensitivity. For a porous A356.2 alloy, since ultrasonic backscattering echo of oxide films and inclusion particles is very small, the results of ultrasonic inspection can be mainly regarded as the influence of porosity. A schematic illustration of the characteristics of ultrasound traveling through the sample is shown in Fig. 6(a)-(c) .
3.5 Ultrasonic characteristics of the A356.2 alloy after fluxing treatment There were mainly minor micro-pores in the chilled sample as indicated by only a slight reduction in the sound energy of the ultrasound. The ultrasonic testing method can be suitably applied to detect the characteristics of A356.2 alloy after fluxing treatment. Figure 7 shows the relationship between the ultrasonic velocity and relative porosity of the A356.2 alloy treated with different fluxes. The ultrasonic velocity increases with decreasing relative porosity for all the samples. This is due to a decrease of the effective elastic stiffness of the alloys with increasing pore content. The magnitudes of the ultrasonic velocity in A356.2 alloy treated with different fluxes are in the following order from smallest to largest: with KF, with KCl, with NaCl, without flux and with NaCl-KCl. There was obvious scattering in the variations of the ultrasonic velocity for the alloy treated with KCl and KF fluxes due to the presence of numerous pores in the paths of the ultrasound which retarded the advance of ultrasound. The alloy treated with NaCl-KCl flux displayed the smallest relative porosity. There were only very small variations in the ultrasonic velocity for the NaCl-KCl flux treated sample. The relative porosity was only reduced when the alloy was treated with NaCl-KCl fluxes. Figure 8 shows the relationship between the attenuation coefficient and relative porosity in A356.2 alloy treated with various fluxes. The attenuation coefficients increase with increasing relative porosity for all the samples. This is due to an increase of boundary scattering and energy loss of ultrasound with increasing pore content. The magnitudes of the ultrasonic attenuation in A356.2 alloy treated with various fluxes are in the following order from smallest to largest: with NaCl-KCl, without flux, with NaCl, with KCl and with KF. There was obvious scattering in the variations of the attenuation coefficients for the alloy treated with KCl and KF fluxes due to the presence of numerous pores in the alloy. Similarly, observed variations in the attenuation coefficients are really small in the A356.2 alloy treated with the NaCl-KCl flux, due to the minor amount of porosity. The largest attenuation coefficient among the samples studied is shown for the alloy treated with potassium fluoride (KF) flux. 
Conclusions
Aluminum alloys contain impurities such oxide films and inclusions. These oxide films and inclusions can provide nucleation sites for the formation of pores, the presence of which leads to a serious reduction in the quality of aluminum alloys. In the present study, the quality of an A356.2 alloy after fluxing treatment was investigated. The relative porosity, as revealed by ultrasonic inspection, can be used to quantitatively evaluate the formation of pores in aluminum and aluminum alloys. The amount of oxide films and pores in A356.2 alloy can be reduced by treatment with NaCl-KCl flux. The largest increase in the number of oxide films and pores occurred with the treatment of A356.2 alloy with potassium fluoride (KF) flux; the oxide films fragmented. Of the four kinds of flux, potassium fluoride (KF) flux generated the least amount of inclusion particles in the treated alloy. The magnitudes of the relative porosity of A356.2 alloy treated with various fluxes are in the following order from smallest to largest: with NaCl-KCl, without flux, with NaCl, with KCl and with KF. The relative porosity decreases with increasing ultrasonic velocity and decreasing attenuation coefficients for all the samples studied. The ultrasonic velocity of the alloy treated with the NaCl-KCl flux was the largest among all the fluxing treatments studied. The attenuation coefficients of the alloy treated with the KF flux was the largest among the fluxing treatments studied. The treatment with the NaCl-KCl flux was the only one which reduced the relative porosity in the A356.2 alloy.
